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Abstract 
We consider studying the redundancy of roads in a given road network during emergency situations. The analysis of link 
redundancy is interesting especially during disaster mitigation. The roads must be reconstructed as soon as possible to 
achieve network connectivity. Identifying redundant links would be useful to reduce the cost and guide in prioritization of the 
road reconstruction during disaster. We presented a model for studying link redundancies using link reconstruction analysis. 
Our study compares two different techniques in road reconstruction, namely the average impact and the maximum impact 
road reconstruction techniques. Reconstructing redundant links in a given network reduces the overall distance of the entire 
network. Our proposed methodology produces similar results, but will vary based on the road network structure. 
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1. Introduction 
 Road network is a fundamental part of society.  They connect different areas, cities, and people in 
the best possible way. Different buildings and landmarks can only be visited with the use of certain 
roads. Studying road networks before, during, and after disaster situation is very important to 
understand the reliable and robustness of the network. Especially, there is greater need to achieve 
network connectivity as soon as possible after the network has been destroyed due to the disaster 
(Immers et.al, 2004). At the same time, the network has to have the minimum travel cost to reach a 
certain destination that is solely depended on the behavior of the users (Yang & Bell, 1998). 
 Road networks are becoming more vulnerable to several unforeseen scenarios like disasters, 
accidents, and other emergency situations, which causes disruptions. This directly affects several 
aspects of the road network like traffic flow and network connectivity. Furthermore, recovering from 
such disruptions becomes more difficult overtime due to the changing demands in the network flow, 
which can directly affect the connectivity of the entire network, as well as the ever-increasing road 
reconstruction costs. 
 
_________ 
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Studying road network robustness is a relatively new research area. Different research has different 
definitions for robustness. Several studies been conducted to define several factors in determining 
robustness, to include identifying critical links, alternate routes, and network connectivity (Snelder
et.al, 2012; Sullivan et.al, 2010). 
 However, only a few studies have been conducted in determining connectivity of the entire 
network after road reconstruction (Chen et.al, 2008; Franchin et.al, 2006; Jenelius, 2010). Most road 
network robustness research only took into account the robustness on an individual link basis without 
studying how each link affects the entire network. These studies also consider other elements like 
infrastructures, which may aid in connectivity, but is also too complicated to apply because of the 
usage of images, as well as the inclusion of different road network elements. Although critical links 
and alternate routes are identified, the network may not necessarily be robust in terms of connectivity 
due to the limited information it provides. 
 In this paper, we proposed a new concept of link redundancy analysis to be used in assessing road 
network robustness. We define a road link as redundant if the existence of the link does not contribute 
to the connectivity of the road network. The analysis of link redundancy is interesting especially 
during disaster mitigation when the roads must be reconstructed as soon as possible to achieve 
network connectivity. Identifying redundant links would be useful to reduce the cost and guide in 
prioritization of the road reconstruction during disaster. 
 The scope of this paper does not include the traffic flow of the network. The main focus of the 
research was performing link redundancy analysis in relation to the entire structure of the road 
network, without taking into account traffic flow. We also did not include in our research travel costs, 
in the perspective of a normal commuter.  
 In Section 2, we defined the terms we used in determining the robustness of a road network. Our 
actual methodology is found in Section 3, in which each sub-header defined the tools we used to arrive 
at our analysis. Section 4 discusses an analysis of the network we used to formulate our hypothesis. 
We applied our methodology in a case study found in Section 5. The scopes and limitations, as well as 
the conclusions were discussed in Sections 6 and 7, respectively. 
2. Definitions and Related Works 
 To give better understanding of the terms we used throughout the paper, we provide here the 
definitions and the related works on each part. 
 
 
2.1. Road Networks 
 A road network is a weighted directed graph G = (V, E), where V represents a set of vertices (or 
nodes) and E represents a set of edges (or links). In a road network, the nodes represent intersections 
among roads, while the links represent the roads themselves. Each edge has a value that represents the 
distance of the link from a source node i to a destination node j. A certain landmark where the trips are 
generated is also represented as centroid nodes. A centroid node can either be a source, where the trips 
are initiated, or a sink, where the trips are terminated, or simply a basin or both source and sink. These 
centroid nodes are connected to the road network. The direction of each link represents the way the 
road is traversed. The weight of each link in the road network represents the distance of the network 
from one node to the next node where the link connects. Road networks are represented based on 
topology of the network is viewing to a map. The topology is the structure of network in the form of a 
graph with their respective nodes and links. 
 
2.1.1. Adjacency and distance matrix 
 An adjacency matrix A can be used as a representation of a road network. It is an n by n matrix 
where n is the number of nodes in the network. The rows of an adjacency matrix represent the nodes of 
origin of the links, while the columns represent the nodes of destination of the links. A value of 1 is 
assigned to an element in the adjacency matrix to represent a link from a node to another node. The 
following equation shows how an adjacency matrix is constructed for road networks: 
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The values of i and j represent the source and destination nodes in the network, represented by the 
adjacency matrix A. A variation of an adjacency matrix is a distance matrix. However, instead of 
assigning a value of 1, the actual distance of the link from node i to node j is assigned instead. 
Otherwise, the value is at 0. 
 
2.1.2. Strongly connected networks 
 The connectivity of a road network is the minimum number of elements (either nodes or links) 
removed such that the entire network is disconnected, or divided into two different graphs. A network 
is connected if a path for every node pair. However, this only applies to undirected networks. 
 On the other hand, strongly connected networks have a concept similar to connected networks 
such that every node pair is mutually reachable to one another. In other words, a path exists for every 
node i and j, and a path from node j to i for every pair of j and i. A strong component is a maximal 
strongly connected sub-network induced on a maximal set of vertices that are mutually reachable 
(Gross & Yellen, 2005). Furthermore, one component of a sub-network is not mutually accessible to 
another component of a different sub-network (Sedgewick, 1983). 
 Tarjan (1972) proposed an algorithm to find the strongly connected components in a network, 
which is a variant of a depth-first search. Each sub-network is grouped such that each component is 
strongly connected to one another. The runtime for the Tarjan’s algorithm is at O (|V| + |E|), where m 
= |V| represents the number of nodes in the network, and q = |E| represents the number of edges in the 
network. However, this has been greatly reduced to O (|V|) using an ordered binary decision diagram 
(Gentilini et.al, 2003).  
 
2.1.3. Shortest path problem 
 The shortest path problem aims to find a path in a weighted directed graph connecting two node 
pairs such that the total cost of visiting each path is at the minimum. Different variants of the problem 
exist, including single-source shortest path problems, in which given a graph G = (V, E), find the 
shortest path from a source node s to every other node v in V. Another variant of the problem is the 
single-destination shortest path problem, where a shortest path to a destination node t is searched from 
different node sources v in V instead of finding a shortest path from a single source node. The single-
pair shortest path problem is another problem that is a reduction of the first two aforementioned 
problems. It focuses on node pairs, such that a shortest path from a source node s to a destination node 
t in V is searched (Cherkaasky et.al, 1996). 
 Solving the shortest path problem has been done in the past in the context of network optimization 
(Bellman, 1956; Denardo & Fox, 1979; Dial, 1969; Dijkstra, 1959; Ford, 1956; Glover et.al, 1985; 
Moore, 1959) and have been analyzed and evaluated as well in terms of their strengths and weaknesses 
(Cherkaasky et.al, 1996; Gallo & Pallottino, 1986; Gallo & Pallottino, 1988). However, most of these 
algorithms have solved the shortest path algorithm from a perspective coming from one source, one 
destination, or one node pair only. Another approach is known as the all-pairs shortest path problem 
(Cormen et.al, 2001), which searches for the shortest path from a source node s to a destination node t
for every node pair. This can be solved by running a single-source shortest path algorithm once from 
each vertex, but can usually be solved faster. Floyd (1962), solved the problem using the Boolean 
matrices theory of Warshall (1962). Another proposition was made by Johnson (1977), which solves 
the same problem, but for sparse networks. 
 The Floyd-Warshall algorithm (Floyd, 1962; Warshall, 1962) determines the shortest paths 
between different node pairs. The algorithm assumes a weighted directed network with at least one 
directed cycle in its sub-network as an input, where a cycle is a sequence of node traversals such that 
the start and destination nodes are the same (Sedgewick, 1983). The algorithm determines the 
minimum shortest path based on the traversal of the links. The average runtime of the Floyd-Warshall 
algorithm is O (|V3|), where |V| is the number of nodes in the network. However, a more efficient 
version of the algorithm was proposed (Aini & Salehipour, 2012). This version of the Floyd-Warshall 
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algorithm, called the Rectangular algorithm, was easier to understand and had a better runtime 
compared to the original Floyd-Warshall shortest paths algorithm.  
 
2.2. Road network robustness during disasters 
 The robustness of a road network is important, especially during disasters. Robustness is defined 
as the ability of a network to cope up with exceptional changes like accidents and emergencies 
(Immers et.al, 2004). A destroyed link or node can be crucial during these situations. A link is 
considered destroyed if and only if the origin node is not able to reach the destination node anymore. 
In a distance matrix, a link is considered destroyed when the matrix element corresponding to the 
nodes has a value of 0. Several reasons for road link destruction may include natural disasters like 
floods and typhoons, as well as man-made disasters like terrorist attacks. 
 
2.2.1. Determining robustness criteria 
 Many criteria have been used to study the robustness of a road network. One study suggests that 
node connectivity is the best way to determine network robustness (Dekker & Colbert, 2004). 
However, their context was used in network connectivity for communication. Their study did not 
include the distances of each link, as well as the situation of disconnection during emergency 
situations. 
 Sohn (2006) presented different criteria for determining the robustness of road networks. His 
research identified different criteria in determining critical links, which include distance and distance-
traffic volume. The latter was more useful in determining the accessibility of each link. However, he 
also concluded that both criteria would be similar if no alternate route exists in going from one node to 
another. 
 Scott, et.al (2006) quantified road network robustness index, which yielded different planning 
solutions compared to the traditional Volume / Capacity (V/C) technique (Dheenadayalu et.al, 2004). 
The premise was that not only should a transportation network meet origin-destination demands, but 
should also provide connectivity to avoid vulnerability to disruptions. A system-wide perspective was 
used instead of localized measures, and it was able to provide better indication of the value associated 
with links in a highway network compared to the V/C ratio. Furthermore, spatial relationships and 
rerouting possibilities based on network topology were also considered. 
 
2.2.2. Disaster mitigation 
 Immers et.al (2004) used network structure in order to determine how robust a network is during 
emergency situations. He proposed a solution that is efficient in handling traffic during normal 
situations, while providing back-up links used for emergencies only. Their research discovered that 
several factors affect the robustness of a network, including road redundancy and network structure.  
2.3. Road reconstruction 
 Road reconstruction is an approach used to recover or construct a link that was shut down. Given a 
network, a road reconstruction algorithm aims to approximately recover links that have been destroyed 
previously. Roads are reconstructed in order to improve connectivity of a network with respect to 
topology. A reconstructed road network may have less links compared to the original network, but 
may improve the shortest minimum distance of the entire network. Having a network with less links 
but with a longer total shortest minimum path distance is also possible.  
 Most road network reconstruction algorithms have been used with images generated by 
geographic information systems (GIS) (Chen et.al, 2010; Zhang et.al, 2001). Other algorithms used 
genetic algorithms for scheduling during road reconstruction (Chen & Tzeng, 1999). However, not 
much study has been conducted in relation to topological road network reconstruction, since it is a 
design problem. 
 
2.3.1. Road network design problem 
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Finding the optimal solution to a road network is a design problem in general. The problem 
determines the optimal configuration of urban network elements, including topology and capacity with 
respect to a set of criteria (Cantarella & Vitetta, 2006). The problem has two forms, namely 
deterministic and continuous forms.  
 Most network design problems are focused on finding the optimal cost, capacity, and travel time in 
a road network (Kim et.al, 2012; Pan & Xu, 2013; Xiong & Schneider, 1992). However, one of the 
first deterministic solutions to the problem was from Billheimer & Gray (1973). A route selection 
algorithm was devised while balancing link construction costs and variable user costs. The algorithm 
was able to eliminate and insert links that converge to local optima. Unique rules are then formulated 
and must not appear in the global optima. Even though cost was considered, it was effective in 
reconstructing the optimal roads in the network. 
2.3.2. Link Redundancy 
 A redundant link is a spare link that may or may not affect the overall distance of a road network. 
Redundancy is the existence of more than one means to accomplish a given function (Immers et.al, 
2004). Furthermore, a lack of redundancy in a network might be catastrophic because of delays, 
especially during emergency situations, as well as degradation of services. 
 Adding links to a network can decrease the distance of a network, but may also affect the flow of 
the network, known as the Braess paradox (Braess, 1968). A higher cost and travel time may be 
required when adding a link in a network that is considered a shortcut in the network. 
 Most studies on link redundancy analysis used alternative routes as an approach to assessing 
network robustness and redundancy. Jenelius (2010) used a rerouting approach in order to study link 
redundancy in the Swedish road network. In his study, two measures, namely the traffic flow and 
disruption impact, may affect the network when there are at most two links are disrupted. With traffic 
flow, most redundant links were located near the largest and longest highway in the network. With the 
disruption impact, next best alternative routes were considered important. He concluded that 
depending on the situation, some redundant links might be considered important during extreme 
situations. The traffic flow criterion can be used for single roads such that it will not affect all other 
roads, while the impact criterion is useful for roads that could possibly affect other roads when shut 
down. 
 Jenelius (2009), in his study on network structures, used an equation that computed link 
redundancy based on the number of links and nodes in a region called the beta index, which was based 
on the equation from Haggett & Chorley (1969). The index was tested in relation to an alpha index in 
order to test road network robustness. More alternative routes should in turn create shorter best 
alternative distances in a road network in terms of the number of links in a road network. By providing 
alternative routes, the vulnerability of the road network will be reduced. Furthermore, what makes a 
particular road important can be generalized in larger regions of a road network. 
 Jenelius & Mattsson (2012) conducted a more recent redundant link analysis. A grid-based 
technique was used and covered covered the Swedish road network based on the extent of link 
disruption for each cell of the grid. Each cell represented the extent in which the local network would 
be disrupted. It was concluded that the flow of the link and the availability of alternate routes during 
disruption determine the magnitude of its impact in a local network. However, disruptions created for 
more extensive areas tend to have less impact in terms of road network redundancy. 
3. Methodology 
 We divided our network structure analysis into two parts. The first part is the network connectivity, 
which based links and nodes of the network. The second part is based on distances of each link.  
 Given a road network, we mapped it using nodes and links. We cleaned the network using 
Tarjan’s algorithm to solely focus on strongly connected components of the network. We computed 
the number of links in the strongly connected component in the network, as well as the overall distance 
of the entire network using the Floyd-Warshall algorithm. Then we destroyed the links in the network 
less than or equal to a certain threshold value Ĳ. We got some data on how many links were left after 
destruction, as well as the overall distance of the destroyed network. We also collected information on 
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the number of deleted links in the network, as well as the total distance of the deleted links by getting 
the sum of the distances. After removal of the links in the network, we calculated the percentage of the 
network was destroyed after link destruction. We calculated the connectivity percentage of the 
network to determine how strongly connected the network was. We attempted to reconstruct the 
network back to a form such that the network was fully connected again using an average or a 
maximum technique that is based on the impact of each link to the rest of the network. We did this 
until the network was strongly connected, or in other words, when the connectivity percentage reaches 
0. After reconstruction, we calculated the number of redundant links, or links that were not 
reconstructed in the network, as well as their total distance. We also calculated the number of links in 
the network after link reconstruction until the network was strongly connected, as well as the overall 
distance of that network using the Floyd-Warshall algorithm. We then compared distances using a 
certain distance index to find out if the reconstructed network improved or worsened the overall 
distance of the entire network. 
 Given the data from the simulation above, we performed link count and distance analysis in order 
to assess the relationship between the number of links and the overall distance in the network. We used 
the case study of the Ateneo network due to its availability of the detail network data in order to test 
our model. The same methodology can be applied to any road network. We compared the 
performances of both the average and maximum techniques using statistical analysis. We also used 
statistical analysis in finding out the relationship between the number of redundant links and the 
overall distance of the network after link reconstruction. 
 In this study, we assumed that each link is directed and that each link is subject to a certain 
distance value. Each link in the network does not have a corresponding travel time, as we strictly focus 
on the structure of the network alone, without assuming travel time due to the lack of available data in 
the travel time for each road. 
 
 
3.1. Network structure 
 Nodes may be intersections, road corners, or even centroids of another totally different network.  
Each node has a certain node identification number (node ID). The value of the node ID is arbitrary, 
and was used to give each node some primitive name representation at the very least. 
 The roads in the road network are represented as links. The links in the network are directed and 
connects two nodes, origin and destination. Each link goes only one way, and is dependent on how the 
road network is structured in the original map. Each road in the network has a distance value specified. 
The distance is measured in meters (or km), and is an approximation of the distance from one node to 
another. 
 When a road network is mapped in the form of nodes and links, the graphical representation of the 
network is used. A distance matrix, denoted by D, is created to represent which nodes are connected to 
another. An element in D has a nonzero value when the two nodes are connected by a link. The origin 
and destination nodes are represented as the row and column value of D, respectively, in which these 
values come from their respective node IDs. The value of the said element is the distance between the 
two nodes. A value of 0 is given to an element in a when the two nodes are not connected to one 
another by a link. 
 
3.2. Data cleaning 
 Once the distance matrix D is formed, the Tarjan’s algorithm is executed. The nodes in the 
network are separated to different groups, known as sub-networks, and each group is the strongly 
connected components in the network. A node that is strongly connected to another node is grouped 
together. A node that is weakly connected (or unconnected) to another group is grouped separately 
from one another. Once the groups have been formed using the algorithm stated, the group with the 
most number of strongly connected components represents the entire network already. The networks 
with less number of strongly connected components are removed from the network itself. Finding the 
largest strongly connected network is important to guarantee that each node is accessible. Each source 
and sink nodes, as well as the sub-networks associated with them, are removed from the entire network. 
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The distance matrix a is then updated by setting the node ID corresponding to the row and column 
elements to be equal to 0. 
3.3. Link count and distance computation 
 Using the strongly connected networks, the number of links and distance of the entire network are 
computed. The number of links in the strongly connected network is represented by the variable na. A 
binary matrix, denoted by B, is computed in relation to the distance matrix D. The binary matrix B is 
an m by m matrix, where m is the total number of nodes in the network after data cleaning. Each 
element in B corresponds to an element in D. For each element in D, if the distance value is non-zero, 
the value of the corresponding element in B is 1. Otherwise, the value of the corresponding element in 
B is 0. The variable ݊௔ is the sum of the elements in B, which is given by the following formula: 
 
ൌ σ σ ǡൌͳൌͳ      (2) 
 
where i and j represent the row and column addresses of the network, respectively, corresponding to 
the node IDs of the network, and the variable n represents the number of nodes in the network.  
 The distance of the entire network is represented by the variable da. The Floyd-Warshall algorithm 
is used to calculate the value of da. Given the strongly connected network, the distances are calculated 
from one node to another node by adding the total minimum link distances going to the target node. 
The results are stored in a separate matrix, denoted by S. The matrix S is an m by m matrix, where m is 
the total number of nodes in the network, such that each element has a value corresponding to the 
minimum distance of going from one node to another node in the network. The rows represent the 
starting node, while the columns represent possible destination nodes in the strongly connected 
network. A value of 0 is assigned to the element in the matrix if there is no possible way of reaching 
the destination node from the source node. Once the distances are computed by the said algorithm, the 
sum of the matrix elements is computed and stored in da using the following formula: 
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where i and j represent the row and column address of the network, respectively, which correspond to 
the node IDs of the network, and m represents the total number of nodes in the strongly connected 
network. The variable Si,j is the minimum distance value of the link from node i to node j calculated by 
the Floyd-Warshall algorithm. The value of da is always constant for one particular network, and will 
only change when a different network is presented. 
 
3.4. Link Destruction 
 Once the values of na and da are computed, the network is now subject to a simulated road 
destruction within a certain threshold value, denoted by Ĳ. The variable Ĳ is a random number that 
represents the threshold that determines which link is to be removed. Increasing the value of Ĳ means 
that more links will be removed, while a decrease in the value of Ĳ means that fewer links in the 
network will be removed. When the value of Ĳ is reduced to less than the minimum link distance value 
in the network, no links will be destroyed. However, when the value of Ĳ is greater than the maximum 
link distance value in the network, then all nodes are subject to destruction. Each link in the network is 
compared to the value of Ĳ. If a link is less than or equal to Ĳ, that link is removed from the network. 
On the other hand, when a link is greater than Ĳ, it remains in the network and is not removed. 
 Before the link is removed from the network, a copy of the link is stored in a separated distance 
matrix, denoted by C. The separated distance matrix C is an m by m matrix. When a link is designated 
for removal, a copy is stored in C at the address where the link is located. The address assignments of 
D and C are identical, in which each row represents the source nodes, and each column represents the 
sink nodes. When a copy of the link to be removed is stored in C, the link is removed from the 
network. The corresponding distance matrix D is updated by assigning the distance value of the 
corresponding element to be 0 to denote that the link is removed from the network. This procedure is 
called the link destruction process. 
63 Jacob Chan and Kardi Teknomo /  Procedia - Social and Behavioral Sciences  218 ( 2016 )  56 – 75 
 
3.5. Link Count and Distance Computation After Link Destruction 
 After destroying links in the network, the number of links, denoted by n0, is computed. The 
variable n0 is the sum of the total number of links after some links in the original network have been 
removed. The value of n0 is the total number of links remaining in the network.  The approach used in 
Section 3.3 using Equation 2 was the similar approach used in computing n0. A higher value of n0 
meant that there were more links that were not deleted. This implies that there were less links removed 
due to the fact that the random value of the threshold Ĳ was very low. When the value of Ĳ was higher, 
the value of n0 decreases because the higher the value of Ĳ is, the more links that were destroyed in the 
network. 
 The distance of the network after link removal is represented by the variable d0. The similar 
approach of Equation 3 found in Section 3.3 was used for calculating the value of the total distance of 
minimum paths, which is d0. When the value of d0 was higher, the links with the shortest paths were 
removed during link destruction. When the value of d0 as lower, the links in the network were less 
connected with one another because of the lower value of n0. This implies that the threshold value Ĳ 
was higher as well that deletion of links that were crucial to the strength of the connectivity of the 
entire network. 
 
3.5.1. Percentage Calculation 
 We calculated the percentage connectivity, denoted by p, of the entire network using the Floyd-
Warshall algorithm. The percent completeness of the network was computed using the similar 
approach used in getting the distance in Section 3.2. However, the difference is that instead of adding 
the total minimum path distances of the network, the total number of nonzero elements in the matrix S 
was computed. Given a distance matrix S, a corresponding binary matrix Bp was calculated. The 
binary matrix Bp is an m by m matrix, where n corresponds to the number of nodes in the network. The 
binary matrix Bp may either have a value of 1 or 0. For each element in the matrix S, when the value of 
the element in S is a nonzero value, then the corresponding element in Bp is assigned a value of 1. 
Otherwise, if the element in S has a value equal to 0, then the corresponding matrix in Bp is assigned a 
value equal to 0. 
 When every element in the matrix S has been checked, the binary matrix B is complete. Then the 
sum of the elements in the binary matrix B is computed. The sum of the elements in B is then divided 
by the square of the number of elements in the network. That result was then subtracted from 1 in 
order to evaluate the value of p. The following formula was used in calculating the value of p: 
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where i and j represent the node IDs of the rows and columns, respectively, which correspond to the 
address of the binary matrix B, and n represents the number of nodes in the network. A higher value of 
p means that the nodes in the network are less connected to one another. This implies that the 
connectivity of the network is not good. However, a lower value of p means that the nodes in the 
network are more connected and more accessible to one another. This means that from a given node, 
going to another node is much more possible. The optimal value of p is at 0, which means that the 
nodes in the network are accessible from one node to another. However, when p is 1, it means that the 
nodes are totally separated from one another, since there are no links connecting networks to one 
another. This is caused by a Ĳ that is higher than the maximum distance value of the links in the 
original network. 
 
3.6. Counting the Number of Links Removed and Their Total Distance 
 The number of links removed during link destruction, denoted by nd, is also computed using the 
distance matrix C, which was calculated using the link removal approach used in the preceding 
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statements. The value of nd is the total number of links removed during link destruction. When the 
value of nd is 0, it means that no link was destroyed given the threshold value Ĳ. A higher value of nd 
means that more links were removed during the link destruction. The similar approach in Section 3.3 
was also used in computing the value of nd, except that the distance matrix C was used instead of the 
distance matrix D, since this represented the distance matrix of the entire network. 
 The total distance of the links removed during link destruction was also computed, denoted by the 
variable dd. However, instead of using the Floyd-Warshall algorithm, as explained in Section 3.3, the 
sum of the distances in the distance matrix C was computed instead because the deleted links in C may 
not necessarily intersect with common nodes as source or sink nodes of another link. In this case, links 
are considered to be unrelated to another. The formula used for calculating the total distance of the 
links deleted was defined in in this equation: 
 
ൌσ σ ǡൌͳൌͳ      (5) 
 
where i and j represent the node IDs of the rows and columns, respectively, which correspond to the 
address of the distance matrix C, and m represents the number of nodes in the network. The variable 
Ci,j represents the distance value of the link connecting nodes i and j. When the value of dd is at 0, no 
links were disconnected from the network under the random threshold value Ĳ. However, a higher 
value of dd meant that the total distances of the links were destroyed were high as well, perhaps due to 
the fact that the threshold value Ĳ is higher as well. In other words, the threshold value Ĳ and the value 
of dd is directly proportional to one another because the value of dd is the sum of all the distances of 
the links removed during link destruction, which are less than or equal to Ĳ.as explained in the previous 
section. 
 
3.7. Link Reconstruction 
 
 Once the links in the network have been destroyed, the next step is to reconstruct the links. This 
was done in order to find out what the redundant links are in the network, as well as assess the 
completeness of the network when those links are not present in the network. The goal of the link 
reconstruction is to reconstruct links until the network is once again strongly connected. Link 
reconstruction will continue until the network formed is strongly connected. The value of p, which was 
the connectivity percentage of the entire network computed in Equation 4, is reduced to 0. When the 
value of p is equal to 0, it means that the network is strongly connected upon link reconstruction. 
 
3.7.1. Assumption for Reconstruction of Deleted Link 
 Given the distance matrices D and C, which represent the network after link destruction and links 
that are to be reconstructed, respectively, we want to reconnect the entire network using the list of 
deleted networks until the network is strongly connected. Each nonzero link element represented in C 
is put to the corresponding address of a to assume that the link exists. This is called assuming the link 
for reconstruction because after determining the impact of the link to the entire network, denoted by ǻ, 
the link will then be removed from the network. When the link is connected, the Floyd-Warshall 
algorithm was used to determine the connectivity of the network when link was present. Given a 
separate matrix S, which is an m by m matrix, where n is the number of nodes in the network, an 
element in the matrix S has a value equal the total minimum distance to reach from the source node to 
the destination node. When the source node does not have any way to reach the destination node, the 
value of the element in S is equal to 0. 
 When the matrix S is already complete, a binary matrix, denoted by B, was computed. The binary 
matrix B is an m by m matrix. Only the values of 0 and 1 are used for the binary matrix B. A value of 1 
is denoted for an element in B when the corresponding element in the matrix S is non-zero. Otherwise, 
when the value of the corresponding element in S is zero, the value of the element is 0. 
 When each element of the matrix S has been visited, the binary matrix B is now completed. The 
sum of the elements in the binary matrix B was then computed and was divided to the square of the 
number of nodes in the network. The result was then subtracted from 1, which results into the 
percentage value ݌ௗ. The following formula was used to compute the value of ݌ௗ: 
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where i and  j represent the node IDs of the row and column, respectively, which correspond to the 
address of an element in the binary matrix B, and n represents the number of nodes in the network. 
When the value of ݌ௗ is lower, it means that the impact the link makes when reconstructed to the 
network is lesser. When the ݌ௗ  value is higher, it means that the impact the link makes when 
reconstructed to the network is greater, thus improving the connectivity of the network. Each link has a 
different ݌ௗ value, depending on how much the network improved when the link was added to the 
network. 
 
3.7.2. Delta Calculation 
 
 Once the value of ݌ௗ is computed, the next step is to find the impact of the link to the entire 
network and how it affects the entire network. Given the values of ݌ௗ and p, the goal is to calculate 
their difference, denoted by ǻ. The ǻ value represents the impact that the link has over the entire 
network. The corresponding ݌ௗ value determines the importance of the link to the connectivity of the 
entire network. The formula for the ǻ value was computed using the following equation: 
 
οൌǦ     (7) 
 
where ݌ௗ is the percentage of the network when the corresponding link was added to the network, and 
p is the percentage of the network after link destruction. A higher ǻ value means that the value of ݌ௗ 
greatly the connectivity of the network using the corresponding link to the given pd. However, when 
the value of ǻ is lower, the pd is lower, which means that value of ݌ௗ improved the connectivity of the 
network to a much lesser extent when the corresponding link was connected. 
 The values of ǻ are different depending on the link currently assumed for reconstruction. When 
the delta value is computed, the corresponding link in the network will be deleted once again by 
assigning the value of 0 to the corresponding address of the element in the distance matrix a. The delta 
valued is then stored in an array, denoted by ǻarr. The process of assuming each link for reconstruction 
will be done until all links have been assumed for reconstruction with a corresponding ǻ value stored 
in the array ǻarr. 
 
3.7.3. Average Delta Technique (ADT) 
 
 After assuming each link in the distance matrix C for reconstruction, the next step is the actual 
reconstruction of the links in the network. Given the array of the delta values ǻarr, the average of the 
array value, denoted by ǻavg was computed using the following formula: 
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where i is the corresponding address of an element in ǻarr, and k represents the number of elements in 
ǻarr. Computing the average is the first part of the ADT. 
 The next part of the ADT is the link reconstruction. Using the distance matrices D and C, which 
represent the network after link destruction and the list of links to be reconstructed in the network, 
respectively, the specific links are reconstructed. Every non-zero element in C has a corresponding ǻ 
value, which was computed in the previous section. If the delta value of the element in C is greater 
than or equal to the average, the link is immediately reconstructed to the network represented by the 
distance matrix D. The element in C is then assigned to the corresponding element of the distance 
matrix a, with a value equal to the distance between the nodes it represents, which are the row and 
column of the corresponding element, respectively. The same element in the distance matrix C is then 
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assigned a value of 0, indicating the deletion of the link from the list of the networks to be 
reconstructed. 
 After reconstructing the entire network, Equation 4 is once again used in order to re-compute the 
percentage of the network after one instance of link reconstruction. The similar technique and same 
assumptions in Section 2.5.1 was used to recalculate the value of the percentage. 
 
3.7.4. Maximum Delta Technique (MDT) 
 After assuming each link in the distance matrix C for reconstruction, the actual reconstruction was 
conducted. Given an array of delta values, denoted by ǻarr, the maximum ǻ value in the ǻarr was 
computed, denoted by ǻmax. Every non-zero element in C has a corresponding ǻ value computed in 
Section 2.7.2. If the delta value in the ǻarr is equal to ǻmax, the link corresponding to the ǻ value in the 
ǻarr is reconstructed to the distance matrix D. The element in C that is to be reconstructed is then 
assigned to the corresponding address of the distance matrix a. At the same time, the element in C is 
assigned a value 0, indicating deletion of the link from the list of networks to be reconstructed. 
 
3.8. Link count and distance after reconstruction 
 After link reconstruction is finished, the network is now strongly connected. When the value of p 
reaches a value of 0, it means that after link reconstruction, the network is now strongly connected. 
Computing the number of links after reconstruction, denoted by n1, was executed using the similar 
approach in counting the different number of links used in Section 3.3 using Equation 2. A higher 
value of n1 meant that roads were reconstructed in the network. When the value of n1 is similar to the 
value of n0, which is the number of links after reconstruction, as stated in Section 3.5, no links were 
reconstructed in the network. This is caused by a very low threshold value, which meant that fewer 
links were deleted. The value of n1 will always be greater than the value of n0, but may also have a 
value equal to na, which means that all the links were reconstructed in the network. 
 The distance of the network after reconstruction is denoted by the variable d1. The network is 
guaranteed to be a strongly connected network, since the value of p is now 0, on the link 
reconstruction approach done in Section 3.7. The computation for the value of d1 used the a similar 
approach to Section 3.4, while using Equation 3 at the same time to calculate the overall sum of the 
minimum distances calculated by the Floyd-Warshall algorithm.  
 The value of d1 is always greater than the value of d0 due to the added number of links included in 
the distance matrix after link reconstruction. When the value of d1 is greater than the value of da, the 
network after reconstructing the links destroyed was more inefficient because of the lack of paths that 
would otherwise be selected by the Floyd-Warshall algorithm as a candidate for minimum path 
selection.  
 On the other hand, when the value of d1 is smaller than the value of da, the network after road 
reconstruction was more efficient in defining the critical links. Aside from the network being strongly 
connected after link reconstruction, the network was also made more efficient in relation to the overall 
sum of the minimum distance of the network.  This means that unnecessary links were removed and 
were considered redundant because they do not help in the improvement of the connectivity of the 
network.  
 The value of d1 will only be equal to the value of da if the link reconstruction resulted into the 
original network before links were removed. This case is less likely to happen because as stated earlier, 
different road networks exist for different areas. 
 
3.9. Link count and distance of redundant links 
 When the links are reconstructed to the entire network, as shown in Section 3.8, a possible number 
of links may remain in the distance matrix C, which is the matrix representing the destroyed links. The 
variable q denotes the number of links that were not reconstructed on the network. The similar 
approach to counting the number of links in Section 3.3 using Equation 2 was used to get the value of 
q. The value of q will only be equal to 0 if and only if all the destroyed links have been reconstructed 
to the network. This happens when all elements in the distance matrix C are equal to 0.  
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 A redundant link is a link that does not affect the connectivity of the network when added. Even 
without these links, the network may still have strongly connected. The links remaining in the distance 
matrix C were the nonzero distance values of the matrix, and were considered redundant. The variable 
d represents the total distance of these redundant links. Since these links may not necessarily intersect 
in a similar node, the Floyd-Warshall algorithm was not used. The same approach that Section 3.5 was 
used in calculating the value of d as well. Equation 5 was used in computing for the total distance of 
the deleted links in the network. 
3.10. Distance index 
 The distance index is a measure used in determining how different the network was to the original 
network structure after link reconstruction. This is computed after network reconstruction. The 
variable DI denoted the distance index. The following formula was used in order to compute the value 
of DI: 
 
ൌͳ൅ Ǧͳ

     (9) 
 
where da represents the overall distance value of the entire network, which was computed using 
Equation 2. The value of d1 represents the distance value of the entire network after link reconstruction 
using the similar Equation 2. A DI value of 1 meant that the reconstructed network was identical to the 
original network. In other words, when the DI value is 1, no redundant links were present in the 
network, and that each link was important in the network. When the value of DI was greater than 1, the 
original network had a worse overall distance value compared to the network after destroyed links 
were reconstructed. This meant that the redundant links in the network were detected in the network, 
thus decreasing the importance of these links to the connectivity of the network. However, when the 
value of DI was lower than 0, the original network had a better overall distance value compared to the 
network after destroyed links were reconstructed. This meant that the network after reconstruction was 
more costly compared to the entire network, thus increasing the importance of redundant networks. A 
summary of this is shown in the following conditional equation:  
 
ൌ ൝
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     (10) 
 
4. Network Analysis 
This section is the analysis of the methodology performed in Section 3, as well as some equations used 
in order to assess road network redundancies. 
 
 
4.1. Node count analysis 
 To analyze the data, we classified data into two groups for analysis in the relationship between the 
distance and the number of redundant links in the network. One property in determining the 
relationship in between the number of links is shown in the following equation: 
 
Ͳ൅ൌͳ൅ൌ     (11) 
 
When the number of destroyed links, denoted by nd, and the number of links remaining in the network 
after link destruction, denoted by n0 is added together, the result is the total number of links in the 
original strongly connected network, denoted by na. The similar case is also true when the number of 
redundant links, denoted by n, is added to the number of links in the network after link reconstruction, 
denoted by n1. This means that the links currently in the network and links deleted from the network 
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topological perspective, which implies that we tested our model as a whole and not as parts, unlike 
other studies done.  
 A possible future work would be to improve the road reconstruction technique we used, such that 
instead of using the percentage of the network upon assumption for road reconstruction, what we plan 
to do is to use the overall distance of the network to assess how much the distance was improved 
during road reconstruction. We would also be open to further analyses of our model, like including 
traffic flow as well in an attempt to create a more robust redundancy analysis model for assessing road 
redundancy. Another possible study would be to focus on each region in our model in order to assess 
its local impact to the entire network, which was similar to the grid-based technique proposed by 
Jenelius & Mattsson (2012). Our proposed model may also be recreated in different networks in order 
to determine if the model we established is a useful model the next time road network robustness 
analysis is conducted. 
 Our research only focused on network structure and not the network usage. The research did not 
also take into account the disaster type during disaster mitigation of the network. Our study assumed 
that a generic disaster was present in the road network. Further studies may be conducted in the future 
implementing these additional factors in the redundancy analysis, specifically on the effects of the 
flow in the network when there are disruptions such as these. Furthermore, we would also include in 
our future work stochastic techniques that may affect how road networks deteriorate not just because 
of disasters, but also because of constant wear-and-tear to assess the performance of a given road 
network. 
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